The present study addressed the effect of microcirculatory blood flow on the ability of ciprofloxacin to penetrate soft tissues. Twelve healthy male volunteers were enrolled in an analyst-blinded, clinical pharmacokinetic study. A single intravenous dose of 200 mg of ciprofloxacin was administered over a period of approximately 20 min. The concentrations of ciprofloxacin were measured in plasma and in the warmed and contralateral nonwarmed lower extremities. The microdialysis technique was used for the assessment of unbound ciprofloxacin concentrations in subcutaneous adipose tissue. Microcirculatory blood flow was measured by use of laser Doppler flowmetry. Warming of the extremity resulted in an increase of microcirculatory blood flow by approximately three-to fourfold compared to that at the baseline (P < 0.05) in subcutaneous adipose tissue. The ratio of the maximum concentration (C max ) of ciprofloxacin for the warmed thigh to the C max for the nonwarmed thigh was 2.10 ؎ 0.90 (mean ؎ standard deviation; P < 0.05). A combined in vivo pharmacokinetic (PK)-in vitro pharmacodynamic (PD) simulation based on tissue concentration data indicated that killing of Pseudomonas aeruginosa (ATCC 27853 and two clinical isolates) was more effective by about 2 log 10 CFU/ml under the warmed conditions than under the nonwarmed conditions (P < 0.05). The improvement of microcirculatory blood flow due to the warming of the extremity was paralleled by an increased ability of ciprofloxacin to penetrate soft tissue. Subsequent PK-PD simulations based on tissue PK data indicated that this increase in tissue penetration was linked to an improved antimicrobial effect at the target site.
There is growing evidence that the reduction of blood flow in soft tissues is closely associated with a significant impairment of the rate of tissue penetration of antimicrobial agents. For example, in patients with peripheral arterial occlusive disease, it was demonstrated that the peak concentrations of ciprofloxacin are significantly lower in the interstitium of ischemic soft tissue in comparison with that in healthy and well-perfused tissue (11) . This confirms the theory that vasopressors have a marked effect on the tissue penetration of antimicrobial agents in critically ill patients (10, 24) . Based on the concept that the number of capillaries available for drug exchange and the ratio of the capillary surface area to volume are important for the plasma-to-tissue drug exchange, we carried out the present study and tested the hypothesis that an increase in local blood flow enhances the rate of transcapillary transport of solutes.
For this purpose we measured microcirculatory blood flow in subcutaneous adipose tissue under warmed and nonwarmed conditions by use of laser Doppler flowmetry (LDF) (16) . Ciprofloxacin, a fluoroquinolone antibiotic, which is frequently favored for the treatment of soft tissue infections, was selected as a model compound. Ciprofloxacin exhibits a broad antimicrobial coverage, has a low level of plasma protein binding of ϳ30%, and an apparent volume of distribution of ϳ250 liters (17) . From these characteristics of the drug, one may expect that ciprofloxacin penetrates soft tissues excellently. The interstitial fluid concentrations of ciprofloxacin in subcutaneous adipose tissue were assessed by use of microdialysis (2) .
A combined in vivo pharmacokinetic (PK)-in vitro pharmacodynamic (PD) simulation of bacterial growth was subsequently employed to clarify whether changes in tissue PKs correlate with changes in the antimicrobial effect at the target site.
MATERIALS AND METHODS
The study took place at the Department of Clinical Pharmacology, Medical University of Vienna, Vienna, Austria. The study protocol was approved by the local ethics committee and was performed in accordance with the Declaration of Helsinki (1964) in the revised version of 2002 (26) , the guidelines for good clinical practice of the European Union (8) , and Austrian drug law. Healthy volunteers were informed in detail about the purpose, procedures, and risks of the study; and their written consent was obtained prior to enrollment in the study.
Subjects. Twelve healthy, male, drug-free volunteers with a mean age of 29.5 Ϯ 2.7 years, a mean weight of 75.6 Ϯ 7.5 kg, and a mean height of 1.82 Ϯ 0.08 m were included in this study. Prior to inclusion in the study, the volunteers were subjected to a screening examination comprising a medical history and a physical examination. Health was defined at the discretion of the investigator and the absence of clinically relevant abnormalities in laboratory and physical tests.
Microdialysis. The principles of microdialysis have been described in detail previously (9, 19) .
In brief, microdialysis is based on sampling of analytes from the extracellular space of tissues by means of a semipermeable membrane at the tip of a microdialysis probe. The probe is constantly perfused with a physiological solution. Once the probe is implanted into the tissue, substances present in the extracellular fluid at a certain concentration (C tissue ) diffuse through the membrane into the perfusate, resulting in a concentration (C dialysate ) in the perfusion medium. For most analytes, the equilibrium between the concentration in the extracellular fluid and that in the perfusion medium is incomplete, and therefore, C tissue is greater than C dialysate . The calibration factor by which the concentrations are interrelated is termed "recovery." For calibration of the microdialysis probes, in vivo recovery was assessed in each experiment by the retrodialysis method (1) . The principle of this method relies on the assumption that the diffusion process is quantitatively equal in both directions along the semipermeable membrane. For probe calibration, the agent being investigated is added to the perfusate at a defined concentration. The disappearance rate (delivery) through the membrane is taken as the in vivo recovery. Retrodialysis is performed for a total period of 30 min at the beginning of each experiment. Two fractions of the dialysate are drawn at 15-min intervals, and the average concentration from these fractions is taken for the calculation of the individual recovery value. All probes are manually perfused by gently pushing the stamps of the syringes filled with the perfusate to ensure that the whole microdialysis set is free of ciprofloxacin. An extra dialysate sample is collected several minutes before intravenous administration of the agent being investigated in order to document that the microdialysis set is completely cleared from this agent. The microdialysis set is allowed to recover from this procedure at a constant flow rate of 1.5 l/min over period of 60 min before dialysate is collected for PK assessment. In vivo recovery values for ciprofloxacin were calculated as follows: in vivo recovery (%) ϭ 100 -[100 ϫ (ciprofloxacin concentration in dialysate/ciprofloxacin concentration in perfusate)].
Measurement of blood flow. Regional blood flow of the skin was measured by LDF (Moor Instruments, Devon, United Kingdom). The laser Doppler incorporates a low-power solid-state infrared laser diode as a source of coherent light. An optical fiber delivers the light to the tissue and penetrates 1 mm 3 of tissue. Blood flow measurements are restricted to subcutaneous vessels and are unaffected by underlying muscle nutritive flow. The variables of the frequency and the power of the reflected photons are analyzed to yield estimates of blood volume and blood flow velocity. Laser Doppler flow probes were attached on the skin of the left and the right thighs with adhesive tape to ensure that no displacement of the probe occurred during the study. Measurements were performed continuously for both lower limbs at 20-min intervals for up to 5 h.
Study protocol. On the study day a plastic cannula was inserted into an antecubital vein for the intravenous administration of ciprofloxacin. The right lower limb was heated by electric pads maintained at approximately 40°C, while the left lower limb was exposed to room temperature of approximately 25°C throughout the duration of the experiment. The skin temperature in the electric heating box was recorded at 60-min intervals. For microdialysis probe insertion, the skin was cleaned and disinfected. Thereafter, commercially available microdialysis probes (CMA 10; Microdialysis AB, Solna, Sweden) with a molecular cutoff of 20 kDa, an outer diameter of 0.5 mm, and a membrane length of 16 mm were inserted into the subcutaneous adipose tissue of the right and the left thighs by a previously described procedure (20) . The probes were perfused with physiological solution at a flow rate of 1.5 l/min by using a precision pump (CMA 100; Microdialysis AB). After a 30-min equilibration period, in vivo probe calibration was performed. After calibration, a single intravenous dose of 200 mg of ciprofloxacin (Bayer, Wuppertal, Germany) was administered over a period of approximately 20 min. The application was performed by using an automatic infusion apparatus (Döring Medizintechnik, Leverkusen, Germany). The infusion solution was protected from sunlight. On completion of infusion about 50 ml physiological saline solution was infused over the infusion lead to guarantee that the complete dosage had been applied. Microdialysates and venous blood samples were collected at 20-min intervals for up to 5 h. Blood samples were centrifuged, the cells were discharged, and plasma was obtained. Plasma and dialysates were frozen at Ϫ80°C until analysis.
Chemical analysis. The ciprofloxacin concentrations in plasma and microdialysates were measured by high-performance liquid chromatography as described previously (21) . The limits of quantification were defined as 0.05 mg/liter for plasma and 0.02 mg/liter for microdialysates.
Data analysis. Interstitial space fluid ciprofloxacin concentrations were calculated according to the following equation: tissue concentration ϭ 100 ϫ sample concentration ϫ in vivo recovery Ϫ1 . Plasma and tissue PK parameters were calculated by standard noncompartmental analysis by including all datum points without regression analysis or weighting. This was performed by using Kinetica (version 3.0) software (InnaPhase Corporation, Philadelphia, Pa.). The area under the concentration-versustime curve (AUC) values from 0 to 5 h (AUC 0-5 ) for plasma and the interstitium were calculated from nonfitted data by using the linear trapezoidal rule. The half-life of the terminal slope (t 1/2␤ ) was defined as ln 2 ϫ k el
Ϫ1
. AUC extra was calculated from 5 h to infinity by the equation AUC extra ϭ C last datum point 5 h ϫ k el Ϫ1 , whereby k el is the elimination rate constant. AUC total was calculated as the sum of AUC 0-5 and AUC extra .
Organisms. Pseudomonas aeruginosa strains (ATCC 27853 [MIC, 0.5 mg/liter] and two clinical isolates with MICs of 0.12 and 2 mg/liter, respectively) were chosen for the in vitro experiments. The bacteria were stored frozen in liquid nitrogen until use.
In vitro susceptibility tests. The MICs of P. aeruginosa strains against ciprofloxacin were determined by a twofold serial Mueller-Hinton broth microdilution method according to the guidelines of CLSI (formerly NCCLS) (20) . Therefore, these bacterial strains were precultured overnight on Columbia agar plates containing 5% sheep blood (Biomérieux, Marcy l'Etoile, France) and then introduced into Mueller-Hinton broth (Merck, Darmstadt, Germany) containing ciprofloxacin at an inoculum of approximately 5 ϫ 10 5 CFU/ml. The lowest concentration of ciprofloxacin which inhibited visible bacterial growth after incubation for 20 h at 37°C was determined as the MIC.
Time-kill curves. On the basis of the PK data obtained from the in vivo experiments, we simulated in vitro the concentration-versus-time profile of ciprofloxacin in the interstitial space fluid of subcutaneous adipose tissue over a period of 8 h in order to describe the antibacterial effect of ciprofloxacin on P. aeruginosa strains at the target site. For this purpose, the concentrations of ciprofloxacin from 5 to 8 h after drug administration were calculated by the equation C ϭ C 0 ϫ e Ϫkelϫt , where C represents the concentration at a defined time point, C 0 is the last concentration measured in vivo (at 5 h), k el is the elimination rate constant, and t is the time between the measurement of C 0 and the defined time point.
Then, 3 ml of Mueller-Hinton broth (Merck) was inoculated with the test strains in order to achieve a concentration of approximately 5 ϫ 10 5 CFU/ml. The strains were then incubated at 37°C for 8 h. Hereby, the ciprofloxacin concentration-versus-time profile obtained in vivo in the interstitial fluid was simulated in vitro by changing the ciprofloxacin concentrations in broth at 20-min intervals for the first 5 h, followed by 60-min intervals. Increasing antibiotic concentrations were simulated by the addition of ciprofloxacin. Decreasing concentrations were attained by adding Mueller-Hinton broth without antibiotic at appropriate volumes, according to the equation V 2 ϭ (C 1 /C 2 ) ϫ V 1 , where C 1 and V 1 are the current ciprofloxacin concentration and the current volume in the test tube, respectively; C 2 is the desired ciprofloxacin concentration; and V 2 is the volume in the test tube after the addition of adequate broth. The tubes were vortexed after the addition of ciprofloxacin or pure broth. At 40-min intervals during the first 2 h, followed by 60-min intervals, the test tubes were vortexed and samples of 200 l were drawn. The samples were serially diluted with 0.9% sodium chloride solution, and 20 l of each dilution was plated onto MuellerHinton agar plates (Biomerieux). The agar plates were cultured overnight, and the bacterial counts were determined and backextrapolated to the original volume to account for the respective dilution. Each simulation was performed in triplicate. Bacterial growth control experiments were performed in culture tubes without antibiotic. Fifty CFU was considered the minimum accurately countable number of bacteria in 1 ml of broth. The detection limit, plotted in Fig. 3 , rises throughout the test period due to admixture of the broth and backextrapolation to the original volume.
Statistics. For statistical comparison of PK parameters Mann-Whitney U tests and Wilcoxon tests were employed, as the data were nonnormally distributed. Statistical tests were performed by use of commercially available software (Statistica, version 5.0, 1997 edition; Statsoft, Statsoft Inc., Tulsa, Okla.). Repetitive testing for significance was adjusted according to Bonferroni. All data are presented as means Ϯ standard deviations (SDs). A two-sided P value of Ͻ0.05 was considered significant.
RESULTS
Safety and tolerability. Study drug administration was well tolerated by all subjects. No drug-related adverse effects were detected throughout the study period.
In vivo recovery. The mean in vivo recovery values for ciprofloxacin in warmed and reference tissues were 16.0% Ϯ 5.0% and 16.2% Ϯ 5.0%, respectively. Individual in vivo recovery values were used to calculate the absolute concentrations of ciprofloxacin in subcutaneous adipose tissue. One microdialysis probe provided inaccurate volumes of dialysate in a warmed thigh of a volunteer. After removal of the probe visible damage of the semipermeable membrane was detected, and the PK data derived from this probe were abandoned. Thus, only 11 complete data sets for the warmed tissue were available for PK calculations. Fig. 1 . The values of the main PK parameters of ciprofloxacin are presented in Table 1 .
Microcirculatory blood flow. Laser Doppler flow measurements were not significantly different (P Ͼ 0.05) between tissues at baseline. After local warming of the extremity, microcirculatory blood flow increased approximately three-to fourfold compared with that at the baseline (P Ͻ 0.05) within 40 min and remained constant over the whole period of 5 h. In contrast, blood flow remained unaffected compared with that at the baseline (P Ͼ 0.05) in the reference tissue. The relative changes in LDF measurements compared with those at the baseline are depicted in Fig. 2 .
Temperature. The skin temperatures of the reference and warmed tissue were not significantly different at the baseline, with values of 31.8 Ϯ 1.1°C and 32.0 Ϯ 0.9°C (P Ͼ 0.05), respectively. After the start of warming, the temperature of the warmed thigh increased significantly to a mean value of 39.0 Ϯ 0.9°C compared with that of the reference thigh (P Ͻ 0.05), which was kept constant at a mean temperature of 31.2 Ϯ 1.4°C.
In vivo PK-in vitro PD simulation. The time-kill curves of selected P. aeruginosa strains (MICs of 0.12 mg/liter, 0.5 mg/ liter, and 2.0 mg/liter) are presented in Fig. 3 for the warmed and the nonwarmed thighs. The P. aeruginosa strain with the lowest MIC of 0.12 mg/liter was completely eradicated after exposure to the PK profile determined in vivo in the warmed and reference tissue. Inhibition of bacterial growth of bacterial strains with MICs of 0.5 mg/liter and 2 mg/liter was more effective by simulating the PK profile of the warmed extremity in comparison to that of the reference tissue. Growth curves for P. aeruginosa, which were determined in broth without ciprofloxacin, served as controls and showed an approximately 2.5 log 10 increase in the numbers of CFU/ml over a period of 8 h. Each time-kill curve analysis was performed in triplicate.
DISCUSSION
The impairment of local or systemic blood flow was speculated to account for a hampered rate of penetration of antimicrobial agents from the plasma compartment to peripheral sites in patients with arterial occlusive disease (11) and sepsis (12) , respectively. This, among other factors, has been suggested to be responsible for therapeutic failure in the antimicrobial management of diabetic ulcers and the still high mortality rate in patients with sepsis, despite substantial improvements in overall medical care (10) . Thus, reduced blood flow coincides with lower peak tissue concentrations of anti-infectives, and from this it is tempting to hypothesize that an increase in local blood flow may reverse this phenomenon.
In the present study, we tested this hypothesis and selected ciprofloxacin as a model drug for the class of fluoroquinolones, although ciprofloxacin is not the therapy of first choice for the treatment of complicated and severe soft tissue infections. The dose of 200 mg of ciprofloxacin was chosen for administration to healthy volunteers because we aimed to expose the subjects to low drug dosages while keeping the overall clinical setting as appropriate as possible for the testing of our hypothesis.
The main finding of our study was that interstitial space fluid concentrations of ciprofloxacin in subcutaneous adipose tissue were significantly higher after local warming compared with those in the reference tissue (P Ͻ 0.05). The mean ratio of the maximum concentration (C max ) for the warmed tissue to the C max for the reference tissue was 2.10 Ϯ 0.90. The times to reach C max were identical for both conditions (P Ͼ 0.05). The AUC 0-5 for ciprofloxacin was descriptively higher for the warmed thigh (Table 1 ) but did not reach the level of significance (P Ͼ 0.05), probably because of the relatively small sample size. This descriptive difference, however, was present only for AUC 0-5 but declined by looking at the AUC from time zero to infinity (AUC 0-ϱ ), confirming the current knowledge that blood flow influences the rate of drug absorption, while the overall extent of drug absorption remains unaffected (Table 1; P Ͼ 0.05).
As expected, microcirculatory blood flow increased approximately three-to fourfold compared with that at the baseline (P Ͻ 0.05) by warming the dermis. No change versus that at the baseline was detected for the reference tissue over the observation period of 5 h (Fig. 2) .
The finding of higher C max values in warmed tissue might be of particular clinical interest given that previous studies revealed that the antimicrobial activities of the fluoroquinolones are concentration dependent. Conceivably, an increase in the antibiotic concentration at the site of infection is of high relevance for less susceptible pathogens and could theoretically help prevent the development of resistant bacterial strains.
To underline our PK observations, we have employed a previously established in vivo PK-in vitro PD method (7), which simulates the inhibition of growth of selected bacteria at the target site (Fig. 3) . The results confirm that the inhibition of P. aeruginosa growth (MICs, 0.5 mg/liter and 2.0 mg/liter) was approximately 2.0 log 10 CFU/ml more effective for the warmed extremity in comparison to that for the reference thigh (Fig. 3) . As blood flow may be considered comparable between skin and skeletal muscle under resting conditions, the data presented can be also regarded as representative for muscle tissue, although a thorough study on the effects of blood flow on the interstitial space fluid concentrations of antibiotics in skeletal muscle is currently not available in literature.
As an effect of local warming of the skin, vasodilatation of underlying arterioles is induced, and initially this may be caused by a reduced effectiveness of ␣-adrenergic vasoconstriction responsiveness (5, 25) . While this mechanism has been reported to contribute not more than 10% of the maximal skin vasodilatation (22) , endothelial factors such as nitric oxide and acetylcholine are suggested to be more actively involved in vasodilatation after prolonged local warming (4, 14, 23) . The dilatation of arterioles increases the number of recruited and well-perfused capillaries. This leads to an increase in microcirculatory blood flow, which, in turn, may cause an active increase in the surface area-to-volume ratio of capillaries and causes higher transcapillary exchange rates of solutes.
From this, it might be assumed that inflammation is linked to higher drug concentrations in hyperemic, inflamed lesions, as inflammation is generally associated with local redness, tumors, and warming. However, the available data on the tissue concentrations of antimicrobial agents in inflammatory conditions are conflicting. Several clinical studies have found significantly lower concentrations in inflammatory sites than in healthy tissue (3, 10, 12), while others were not able to detect any difference in drug penetration rates between affected and healthy tissues (15, 18, 19) . A reasonable explanation may be that the study populations had a variety of different diseases with different stages of severity of inflammation, resulting in high interindividual variability of local blood flow in tissues. In addition, the development of substantial pathophysiologic changes like upregulation or activation of active transport pumps, such as P-glycoprotein, fibrosis and sclerosis, or edema at the site of infection may contribute considerably to the low concentrations of antibiotics in acute or chronic infectious diseases.
In the interpretation of the present data, it is necessary to consider that plasma protein binding is relevant to the tissue penetration characteristics of antimicrobials. Plasma protein binding may vary extensively within patients, but it is fairly constant in healthy volunteers (6, 13) . In addition, the direct measurement of individual plasma protein binding is not decisive for the present study, because it is indirectly taken into consideration by the use of microdialysis, as this method exclusively allows the assessment of the unbound drug fraction in the interstitial space fluid. Thus, the description of the concentration-versus-time course of ciprofloxacin in adipose tissue by use of microdialysis already implies intersubject variability in plasma protein binding.
In conclusion, in the present study, we demonstrated that the concentrations of ciprofloxacin in subcutaneous adipose tissue increase significantly by means of local warming of the dermis. However, it needs to be noted that this finding was observed in healthy volunteers and does not necessarily mirror the situation in patients with underlying vascular disease. In addition, the conclusions drawn by the use of optimized models, such as the present in vivo PK-in vitro PD approach, remain to be verified in subsequent prospective clinical trials.
